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[57] ABSTRACT 

Methods and apparatus to enhance paper and board forming 
qualities With insert tubes and/or a diffuser block in the paper 
forming machine headbox component Which generates vor 
ticity in the machine direction (MD) Which is superimposed 
on the streamWise How to generate a swirling or helical ?oW 
through the tubes of the diffuser block. Tubes of the diffuser 
block are designed such that the direction of the sWirl or 
?uid rotation of the paper ?ber stock may be controlled and 
the direction thereof is controlled in such a Way to provide 
effective mixing, coalescence and merging of the jets of ?uid 
emanating from the tubes into the converging section, i.e., 
noZZle chamber of the headbox. Also disclosed is the effec 
tive mixing of the jets generating cross-machine direction 
(CD) shear betWeen the roWs of jets that form at the outlet 
of the tubes inside the noZZle chamber of the headbox to 
align paper ?bers in the cross-machine direction, thus 
increasing CD strength of the manufactured sheet. Vortex 
forming means are described for a plurality of tubular 
elements in the diffuser box for generating controlled axial 
vortices in the machine direction promoting mixing of the 
jets of paper stock from the tubular elements as the jets ?oW 
into the noZZle chamber to a uniform ?oW ?eld of stock at 
the slice opening for the rectangular jet. Further 
embodiments, Which include methods and apparatus for 
generating vorticity by pressure pulse devices and magneti 
cally actuated ?nned bodies, are also described. 

36 Claims, 11 Drawing Sheets 
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METHODS AND APPARATUS TO ENHANCE 
PAPER AND BOARD FORMING QUALITIES 

CROSS-REFERENCE TO RELATED 
APPLICATION 

This application is a continuation-in-part of application 
Ser. No. 546,548 ?led Oct. 20, 1995, noW U.S. Pat. No. 
5,792,321. 

GOVERNMENT CONTRACT 

The invention Was made under National science Founda 
tion Contract No. CTS-9258667. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
The present invention relates generally to increased pro 

ductivity and formation quality in paper forming machine 
headboX components by hydrodynamic optimiZation of 
paper and board forming. More particularly, the invention 
relates to the generation of de?ned vortices in jets of paper 
?ber stock enhancing the mixing of the stock as jets of paper 
?ber stock emanate from a diffuser block for coupling a 
distributor to a noZZle chamber in a paper forming machine 
headboX for discharging paper ?ber stock upon a Wire 
component promoting uniform How of the stock from the 
diffuser block or insert tubes. Advantageously the generation 
of small scale turbulent ?oWs With the de?ned vortices of the 
jets avoids large scale hydrodynamic problems of secondary 
?oWs, ?oW instabilities, boundary-layer separation and other 
hydrodynamically-induced non-uniformities in the forming 
section noZZle chamber of the paper forming machine head 
boX component, avoiding the problems of: tWist/Warp in 
board grades; non-uniform basis-Weight; non-uniform ?ber 
orientation; non-uniform moisture pro?le; cockling and 
diagonal curl in printing paper; and streaking (jagged) dry 
line on the forming table or Wire component. 

2. Description Of The Related Art 
The quality of paper and the board forming, in 

manufacture, depends signi?cantly upon the uniformity of 
the rectangular jet generated by a paper forming machine 
headboX component for discharging paper ?ber stock upon 
the Wire component of the paper forming machine. Attempts 
to establish uniform paper stock How in the headboX 
component, particularly the noZZle chamber, and to improve 
paper ?ber orientation at the slice output of the headboX 
have involved using a diffuser installed betWeen the headboX 
distributor (inlet) and the headboX noZZle chamber (outlet). 
The diffuser block enhances the supply of a uniform How of 
paper stock across the Width of the headboX in the machine 
direction (MD). Such a diffuser boX typically includes 
multiple conduits or tubular elements betWeen the distribu 
tor and the noZZle chamber Which may include step Widen 
ing or abrupt opening changes to create turbulent ?oWs for 
de?occulation or disintegration of the paper ?ber stock to 
ensure better consistency of the stock. High quality typically 
means good formation, uniform basis Weight pro?les, uni 
form sheet structure and high sheet strength properties. 
These parameters are affected to various degrees by paper 
?ber distributions, ?ber orientations, ?ber density and the 
distributions of ?nes and ?llers. Optimum ?ber orientations 
in the XY plane of the paper and board Webs Which 
in?uences MD/CD elastic stiffness ratios across the Width is 
of signi?cant importance in converting operations and end 
uses for certain paper grades. 

Conventional paper forming apparatus used primarily in 
the paper and board industry consists of a unit Which is used 
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to transform paper ?ber stock, a dilute pulp slurry (i.e., ?ber 
suspended in Water at about 0.5 to 1 percent by Weight) into 
a rectangular jet and to deliver this jet on top of a moving 
screen (referred to as Wire in the paper industry). The liquid 
drains or is sucked under pressure through the screen as it 
moves forWard leaving a mat of Web ?ber (e.g., about 5 to 
7 percent concentration by Weight). The Wet mat of ?ber is 
transferred onto a rotating roll, referred to as a couch roll, 
transporting the mat into the press section for additional 
deWatering and drying processes. 
The device Which forms the rectangular jet is referred to 

as a headboX. These devices are anyWhere from 1 to 9 meters 
Wide depending on the Width of the paper machine. There 
are different types of headboXes used in the industry. 
HoWever, there are some features that are common among 

all of these devices. The pulp slurry (referred to as stock) is 
transferred through a pipe into a tapered section, the 
manifold, Where the How is almost uniformly distributed 
through the Width of the boX. The pipe enters the manifold 
from the side and therefore, there must be a mechanism to 
redirect the How in the machine direction. This is done by a 
series of circular tubes Which are placed in front of the 
manifold before the converging Zone or noZZle chamber of 
the headboX. This section is referred to as the tube bundle, 
the tube bank or the diffuser block of the headboX. These 
tubes are either aligned on top of each other or are placed in 
a staggered pattern. There are anyWhere from a feW hundred 
to several thousand tubes in a headboX. 
The tubes in current headboXes have a smooth surface 

starting from a circular shape in the manifold side and going 
through one or tWo step changes to larger diameter circular 
sections. Some tubes converge into a rectangular outlet 
(some With rounded edges) at the other end opening to the 
converging Zone of the headboX. Analysis relating to the 
present invention shoWs that the How entering the tube may 
start to recirculate generating vorticity in the machine direc 
tion. The sign of the vorticity vector depends on the location 
of the tube. Very often, there is a pattern that develops as a 
natural outcome of the tube pattern structure and the struc 
ture of the headboX. In current machines, there is no control 
on the direction or strength of the vortices in the tubes. The 
tubes all have ?at smooth internal surface and the How 
pattern and secondary ?oW inside the tubes is governed by 
the inlet and outlet conditions. The machine direction vor 
ticity could be positive or negative depending on the inlet 
and outlet conditions Which in turn depend on the location 
of the tube in the tube bank. 

SUMMARY OF THE INVENTION 

A neW concept in accordance With the invention is to 
control the formation of secondary How in the tubes in order 
to achieve a superior ?oW ?eld inside the converging Zone 
of the headboX. Any mechanism used to control or enhance 
the secondary ?oW inside the tubes and in the tube bank 
region to achieve a certain ?oW property in the converging 
Zone of the headboX is part of this concept. Thus, the concept 
relates to the modi?cation of the How inside the tube bank 
by altering the internal surface geometry of current tubes or 
tube inserts. The internal surfaces of all of the current tubes 
or tube inserts are either circular and therefore aXisymmetric 
(type I), or, they start from a circular inlet and eventually 
converge into a rectangular outlet (type II) With a four fold 
symmetry (i.e., the entire tube can be divided into symmetric 
regions by tWo diagonal cross-sectional planes, one vertical 
cross-sectional plane and one horiZontal cross-sectional 
plane. The neW concept is to modify the geometry of the 
type I and/or inserts such that the internal surface is no 
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longer axisymmetric or non-axisymmetric, and to modify 
the internal geometry of the type II tubes such that the 
internal geometry of the tube or the insert is no longer four 
fold symmetric. One described embodiment modi?es the 
internal geometry of each tube in order to generate machine 
direction (MD) vorticity and subsequently to arrange the 
tube or the insert in such a manner so that all the jets in each 
roW of the tube bundle form With the same sign of MD 
vorticity vector and the jets in each column form With 
alternating sign of the MD vorticity. This generates shear 
layers Which Would result in cross-machine orientation of 
?bers and therefore Would increase the strength and other 
physical properties in the CD While providing effective 
mixing and turbulent generation betWeen tubes adjacent to 
each other in each roW. 

Another described embodiment modi?es the internal 
geometry of each tube insert or tube in order to generate 
machine-direction (MD) vorticity and subsequently to 
arrange the tubes or the inserts in such a manner so that all 
the jets in each roW and column of the tube bundle form With 
the same sign of MD vorticity vector. This results in strong 
mixing and dispersion of the ?bers and ?llers and therefore 
better uniformity in ?ber and ?ller distribution in the sheet. 

Another mechanism to generate axial vorticity inside the 
tubes of a headbox is to have a device, a tube insert, Wherein 
a ?at section at the manifold side is folloWed by a converg 
ing curved section, folloWed by a straight tube section, and 
Where, one or more inclined ?ns or grooves are placed on the 
?at section or on the ?at and the converging curved section 
of the headbox tube or insert noZZle of the headbox tube. The 
purpose of inclined ?ns or grooves is to control the de?ned 
direction or orientation of the axial vortices generated inside 
the tubes. The converging section of the insert noZZle or tube 
Will accelerate the ?uid and increase the angular velocity of 
the ?uid, consequently, increasing the strength of the vortex 
as the ?uid moves toWard the straight (constant diameter) 
section of the tube. 

It is an object of the present invention to provide methods 
and apparatus to enhance paper and board forming qualities 
Which overcomes the various problems of the prior art by 
providing vortex forming means for a plurality of tubular 
elements for generating controlled axial vortices in the 
machine direction promoting mixing of the jets of stock 
from the tubular elements as the jets ?oW into the noZZle 
chamber to a uniform ?oW ?eld of stock. 

It is another object of the present invention to provide a 
paper forming machine headbox component for receiving a 
paper ?ber stock and generating a rectangular jet therefrom 
for discharge upon a Wire component moving in the machine 
direction. 

It is a further object of the present invention to provide a 
diffuser block for coupling a distributer to a noZZle chamber 
in a paper forming machine headbox for discharging paper 
?ber stock. 

It is a still further object of the present invention to 
provide a method of mixing jets of paper ?ber stock ema 
nating from a multiplicity of axially aligned tubes arranged 
as a matrix of roWs and columns in a diffuser block coupled 
to a noZZle chamber in a paper forming machine headbox for 
discharging a uniform ?oW ?eld of stock upon the Wire 
component. 

It is yet another object of the present invention to provide 
an insert tube insertable in a diffuser block for coupling a 
distributer to a noZZle chamber in a paper forming machine 
headbox including vortex forming means for generating the 
controlled axial vortices in the machine direction to promote 
the mixing of paper ?ber stock jets ?oWing into the noZZle 
chamber. 
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Brie?y, the present invention relates to methods and 

apparatus to enhance paper and board forming qualities With 
insert tubes and/or a diffuser block in the paper forming 
machine headbox component Which generates vorticity in 
the machine direction (MD) Which is superimposed on the 
streamWise How to generate a sWirling or helical ?oW 
through the tubes of the diffuser block. Tubes of the diffuser 
block are designed such that the direction of the sWirl or 
?uid rotation of the paper ?ber stock may be controlled and 
the direction thereof is controlled in such a Way to provide 
effective mixing, coalescence and merging of the jets of ?uid 
emanating from the tubes into the converging section, i.e., 
noZZle chamber of the headbox. Also disclosed is the effec 
tive mixing of the jets generating cross-machine direction 
(CD) shear betWeen the roWs of jets that form at the outlet 
of the tubes inside the noZZle chamber of the headbox to 
align paper ?bers in the cross-machine direction, thus 
increasing CD strength of the manufactured sheet. Vortex 
forming means are disclosed for a plurality of tubular 
elements in the diffuser box for generating controlled axial 
vortices in the machine direction promoting mixing of the 
jets of paper stock from the tubular elements as the jets ?oW 
into the noZZle chamber to a uniform ?oW ?eld of stock at 
the slice opening for the rectangular jet. 
The appended claims set for the features of the present 

invention With particularity. The invention, together With its 
objects and advantages, may be best understood from the 
folloWing detailed description taken in conjunction With the 
accompanying draWings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1A shoWs a paper forming machine headbox com 
ponent used With a diffuser block exposed to shoW vortex 
forming means provided for a plurality of the tubular 
elements of the diffuser block in accordance With the inven 
tion; 

FIG. 1B shoWs a cross-sectional vieW thereof; 
FIG. 1C shoWs an insert tube embodying vortex forming 

means also in accordance With the invention for insertion in 
the diffuser block of a conventional paper forming machine 
headbox component; 

FIG. 1D illustrates a tubular element of a step diffuser 
block for generating controlled axial vortices therein; 

FIGS. 2A and 2B shoW an additional embodiment of the 
invention Wherein ?ns or grooves at the inlet of the tubular 
element may be utiliZed to generate vortices and converging 
section can curved section forming an elongated portion 
near the inlet also generate controlled axial vortices Within 
tubular elements; 

FIGS. 3A through FIG. 3H illustrate various controlled 
vortices con?gurations as positive and negative de?ned 
vortices emanating from the diffuser block to generate small 
scale turbulence betWeen adjacent tubes for improved 
formation, and predetermined cross ?oWs to achieve uni 
form stock How in the noZZle chamber according to the 
invention; 

FIGS. 4A—4H illustrate stock ?oW irregularity associated 
With conventional paper forming machine headbox compo 
nents; 

FIGS. 5A—5H illustrate the use of controlled axial vorti 
ces in the paper stock jets to provide more uniform paper 
stock ?oWs in the noZZle chamber approaching the slice of 
the paper forming machine headbox component in accor 
dance With the invention. 

FIG. 6 is a side vieW cross-section of a tube in the tube 
bank of the headbox; 
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FIGS. 7a and 7b show the location of pressure pulse 
generators in one embodiment of the invention; 

FIG. 8 is a cross-section vieW of a tube shoWing mounting 
details of an acoustic pressure pulse generator; 

FIG. 9 is a cross-section vieW of a tube shoWing mounting 
details of a magnetically actuated ?nned body for generating 
vorteXes; 

FIG. 10 is a side vieW and front vieW of the ?nned body 
shoWn in FIG. 9; 

FIG. 11 is a cross-section of a tube shoWing a further 
embodiment of a magnetically activated ?nned body; 

FIG. 12 is a side vieW and front vieW of the ?nned body 
of FIG. 11; and 

FIG. 13 is a cross-sectional vieW of a further embodiment 
of a pressure pulse generating element in the shape of an 
annual ring. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

Reference Will noW be made in detail to the present 
preferred embodiments of the invention, eXamples of Which 
are illustrated in the accompanying draWings. FIG. 1A 
illustrates an embodiment of a paper forming machine 
headboX component 10 for receiving a paper ?ber stock and 
generating a rectangular jet therefrom for discharge upon a 
Wire component moving in a machine direction (MD). A 
distributor 12 is provided for distributing the paper ?ber 
stock ?oWing into the headboX component 10 in a cross 
machine direction (CD) Which Would be generally perpen 
dicular to the machine direction of the Wire component in a 
conventional hydraulic headboX. It is important to note 
hoWever, that the present invention may also be embodied in 
a conventional air-cushioned headboX as Well as the hydrau 
lic headboX. The distributor 12 is provided to supply a How 
of paper ?ber stock across the Width of the headboX 10 in the 
machine direction. A noZZle chamber 14 is shoWn having an 
upper surface and a loWer surface converging to form a 
rectangular output lip de?ning a slice 22 opening for the 
rectangular jet at opening 24. As shoWn in cross section in 
FIG. 1B, the paper ?ber stock ?oWs as indicated by the 
arroWs in the noZZle chamber 14 to output the rectangular jet 
30 upon the Wire 32 partially shoWn in FIG. 1B. 

Adiffuser block 16 is provided to couple the distributor 12 
to the noZZle chamber 14. As illustrated in FIGS. 1A and 1B, 
the diffuser block 16 includes a multiplicity of individual 
tubular elements 18 disposed betWeen the distributor 12 and 
the noZZle chamber 14, and in accordance With the 
invention, the presently described embodiment includes 
vorteX forming means 20 provided for a plurality of the 
tubular elements 18. The vorteX forming means 20 embod 
ied herein may be provided for a subset or a plurality of the 
multiple tubular elements 18 for generating controlled aXial 
vortices in the machine direction promoting miXing of the 
jets of the stock from the tubular elements 18, as the jets ?oW 
into the noZZle chamber to a uniform ?oW ?eld of stock at 
the slice opening 22 for the rectangular jet 30 from the 
rectangular opening 24 at the slice 22. 
As FIG. 1B illustrates in cross section, steps 26 and 28 as 

might be found in a conventional diffuser block for the 
purpose of breaking up de?occulating or disintegrating the 
paper ?ber stock to enhance the uniformity thereof. As 
already described a step diffuser block is generally provided 
in conventional headboXes, and the present invention may or 
may not require the use of such a step diffuser, but for the 
purpose of the described embodiment, the step diffuser is 
provided as shown. 
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In accordance With an embodiment of the invention, FIG. 

1C shoWs an insert tube 34 Which is insertable in a diffuser 
block for coupling the distributor to the noZZle chamber in 
a paper forming machine headboX for discharging paper 
?ber stock upon a Wire component moving in a machine 
direction. The diffuser block in conventional machines 
includes a multiplicity of individual tubular elements as 
already discussed and also provide for the ability for such 
inserts, typically smooth cylindrical tubular inserts for vary 
ing diameter of the individual tubular elements. HoWever, in 
accordance With the invention, the inserts of the described 
embodiment and shoWn herein are typically used to generate 
vortices Within such tubes and thus, asymmetric or non 
aXisymmetric surface With ridges or ?ns or grooves as 
opposed to smooth aXisymmetric inner surfaces are 
employed. The tubular elements and the insert tubes are 
oriented axially in the machine direction and arranged as a 
matriX of roWs and columns for generating multiple jets of 
paper ?ber stock ?oWing into the noZZle chamber 14. The 
insert tube 34 includes a ?at section inlet 36 for receiving the 
stock from the distributor, Which also serves as a shoulder or 
rim for securing the insert tube 34 in the diffuser block 16. 
The insert tube 34 embodiment also includes an elongated 
section outlet 38 connected to the ?at section inlet 36 for 
directing the jets of the paper ?ber stock through the tubular 
elements of the diffuser block 16 as the jets ?oW toWards the 
noZZle chamber 14. Also in accordance With the invention, 
vorteX forming means 40 are provided for the insert tube 34 
for generating the controlled aXial vortices in the machine 
direction to promote miXing of the jets from the elongated 
section outlet as the jets ?oW toWard the noZZle chamber 14. 
Herein, the vorteX forming means include an asymmetric 
interior surface as shoWn in FIG. 1C Within the elongated 
section outlet 38 for generating the controlled aXial vorteX 
therein. More speci?cally, the asymmetric interior surface 
has a spiral pitch de?ning a helical path as shoWn Within the 
tubular elements to generate the controlled aXial vortices as 
the stock travels along the helical path in the elongated 
section outlet 38. Thus, as described, for tubes in eXisting 
headboXes, the insert tube 34 may be constructed of plastic, 
metal, ceramic or composite inserts With the spiral-shaped 
grooves, ?ns, ridges or guides of various form at the inner 
surface. One such feature is to form spiral-shaped grooves or 
patterns through the inner surface of the insert as shoWn. 
These inserts can be easily placed inside the tubes to 
generate the desired machine-direction vorticity in the tube. 
The inserts such as tube insert 34 may be placed inside the 
tubes at the distributor or manifold side of a headboX 10. The 
initial section of the insert at the inlet may start With a 
smooth surface before the vorteX generating means, dis 
cussed above. 

Turning noW to FIG. 1D, there are several Ways to 
implement the concept described in accordance With the 
invention. The tubes have the feature of directing the How in 
a manner to generate machine direction vorticity in a spe 
ci?c direction (i.e., With a speci?c vorticity vector sign, 
de?ned as positive (+) or negative (—) based on a right-hand 
rule). Thus, the sign of the secondary How of the vorticity 
inside the tube is controlled by the spiral-shaped grooves, 
?ns, ridges or guides of various form in the inner surface or 
such means for generating the vorticity. One such feature is 
to form spiral-shaped grooves or patterns through the inner 
surfaces of the tubes as shoWn in FIG. 1D, in a step diffuser 
boX. As the ?uid enters the tube from the manifold, the spiral 
grooves direct the How in a recirculating manner generating 
or increasing the controlled vorticity in the machine direc 
tion. The grooves have increasing or decreasing pitch 
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depending on the type of tube and the headboX design. As 
shown in FIG. 1D, the pitch of the spiral-shaped grooves 
may gradually change through the step diffuser tube as 
indicated by reference numerals 42, 44 and 46; note par 
ticularly the increased pitch betWeen the groove 44 and the 
groove 46. The pitch of the grooves depends on the average 
MD velocity through the tube. If the MD velocity is very 
large, then the pitch may be considerably smaller than 
shoWn in the ?gure. Another means to generating the con 
trolled vortices in addition or in place of the spiral grooves 
or ?ns, discrete sections of ?ns or ridges can be used to 
direct the stock in a helical pattern inside the tubes gener 
ating controlled MD vortices. The spiral-shaped grooves, 
?ns or guides alloW the ?uid to gradually How in the 
spiral-shaped pattern of the tube surface. 

With reference to FIGS. 2A and 2B, additional tube insert 
embodiments are shoWn including vorteX forming means as 
an inclined ?n or groove 56 and 70 on ?at section inlets 48 
and 62 respectively. Such incline ?ns or grooves facilitate 
the generation of the controlled aXial vorticity as the stock 
?oWs toWard the elongated section outlet from the distribu 
tor 12 of the headboX 10. The mechanism of FIGS. 2A and 
2B generate aXial vorticity inside the tubes of the headboX 
Wherein the ?at section at the manifold or distributor side is 
folloWed by a converging curved section, herein curved 
sections 50 and 64 and converging portions 52 and 66 are 
provided as portions of the elongated section outlet a con 
necting to elongated sections 54 and 68 respectively, in the 
tWo embodiments of FIGS. 2A and 2B. Where the inclined 
?n or groove, e.g., 56 or 70, is placed on the ?at section, e.g., 
48 or 62, or on the ?at and the converging section of the 
headboX tube or insert noZZle of the headboX tube, the 
purpose of the inclined ?n or groove is to control the 
direction of the vorteX generated inside the tube as shoWn 
Wherein inlet How 58 is directed as a vortical ?oW pattern 
indicated by reference numeral 60 in FIG. 2A; and incoming 
How 72 is directed as vortical How 74 in the embodiment of 
FIG. 2B. The converging sections 52 or 66 of the insert tube 
Will accelerate the ?uid and increase the angular vorticity of 
the ?uid, consequently increasing the strength of the vorteX 
as the ?uid ?oWs toWards the straight edge 54, or 68 of the 
tube. FIG. 2 shoWs the groove 56 as residing Within the 
elongated outlet portion of the tube as Well as on the ?at 
section 48; While FIG. 2B provides the groove or ?n 70 as 
residing solely on the ?at surface 62. It should be noted that 
While a single ?n or groove is shoWn on the tubes more ?ns 
may be desirable for creating the aXial vorticity Within the 
tubes as Well as for ease of placement, orientation indepen 
dence and the like for ?tting such tubes into the diffuser 
block of conventional headboXes. The curved sections 50 
and 64 may be incorporated into the elongated section and 
disposed betWeen the ?at section 48 and converging section 
52 in FIG. 2A to facilitate the aXial vorticity, and as such, 
provide additional vorteX forming means as a curved section 
included along a portion of the converging section near the 
?at section for generating the controlled aXial vortices as the 
paper ?ber stock ?oWs in the elongated section outlet. 

In accordance With the invention, FIGS. 3A, 3B and 3C 
illustrate various methods of miXing jets of paper ?ber stock 
emanating from a multiplicity of axially aligned tubes 
arranged as a matriX of roWs and columns in a diffuser block 
coupled to a noZZle chamber in a paper forming machine 
headboX for discharging a uniform ?oW ?eld of stock upon 
the Wire component moving in the machine direction. As 
indicated, the MD components of vortices of the jets ema 
nating from the tubes are indicated as positive de?ned or 
negative de?ned aXial vortices in accordance With the con 

10 

15 

25 

35 

45 

55 

65 

8 
vention of the right-hand rule and Where here We use the 
convention that positive MD points into the surface of the 
?gures. One could also use the convention that MD is the 
negative direction. Positive or negative jets refer to jets With 
positive or negative MD vorticity, respectively. Amethod in 
accordance With the invention provides for the generation of 
positive jets of paper ?ber stock emanating from the diffuser 
block in controlled aXial vortices in the machine direction 
for a ?rst plurality of the tubes, the direction of the vorteX 
being directed in a ?rst positive-de?ned direction about the 
aXes of each of the ?rst plurality of tubes and positioning at 
least one of the positive jets adjacent another one of the 
positive jets promoting miXing as the jets ?oW into the 
noZZle chamber. This is illustrated in FIG. 3A Where the ?rst 
roW 76 of FIG. 3A and the bottom roW 80 of FIG. 3A 
Whereby small scale turbulence is introduced betWeen the 
individual positively oriented jets of roWs 76 and 80 as the 
?uid ?oW emanates from the tubes promoting miXing 
thereof. Small scale turbulence is also introduced betWeen 
the individual negatively oriented jets of roW 78 in FIG. 3A. 
In addition to the secondary vorticity of the jets promoting 
miXing of the ?uid emanating from the tubes, the con?gu 
ration of FIG. 3A also generates shear layers Which Would 
result in cross-machine orientation of ?bers and therefore, 
Would increase the strength and other physical properties in 
the cross-machine direction, as indicated by shear layers in 
betWeen 82 and 84 With the inner-posed layer of negative 
de?ned roWs of vorticity as indicated by reference numeral 
78. The jet orientation of roW 78 is provided according to the 
method by generating negative jets of paper ?ber stock 
emanating from the diffuser block in controlled aXial vorti 
ces in the machine direction for a second plurality of tubes, 
the direction of each vorteX being directed in a second 
negative-de?ned direction about the aXes of each of said 
second plurality of tubes and positioning at least one of the 
negative jets adjacent another one of the negative jets 
promoting miXing as the jets ?oW into the noZZle chamber, 
herein roW 78. FIG. 3A illustrates desired ?oWs for enhanc 
ing the strength of paper or board because the shear layers 
in the CD provide CD strength by the alternating MD 
vorticity direction of the secondary How of the jets from the 
tubes in each roW of tubes resulting in shear layers Which 
align more ?bers in CD. 
An alternate concept of modifying the internal geometry 

of each tube in order to generate machine direction vorticity 
and subsequently arrange the tubes or inserts in a manner 
such that all the jets of each roW and column of the tube 
bundle form the same sign of MD vorticity vector is shoWn 
in FIG. 3B. This results in strong miXing and dispersion of 
the ?bers and ?llers and therefore better uniformity in ?ber 
and ?ller distribution in the sheet and enhanced formation. 
As shoWn in FIG. 3B all of the roWs and columns have the 
orientation same indicated by reference numeral 86, namely 
a positively de?ned orientation of vorticity Which results in 
turbulent shears as indicated by reference numeral 88 and 
90. FIG. 3B shoWs an orientation best for miXing Where 
uniform dispersion is a criteria having emphasis over 
strength; such as in tissue or light-Weight paper applications. 

FIG. 3C illustrates alternating sign vorticity 92 and 94 
throughout the roWs and columns of the tube bank Which 
provides the con?guration of Case 2 discussed beloW in 
connection With FIGS. 5A—5H Wherein the described 
counter-rotating pattern of adjacent jets provides better 
miXing over jets lacking vorticity discussed further beloW. 
Computer analysis for headboXes employing the con?gura 
tion of FIG. 3C shoWs the ability to achieve more uniform 
How of the paper ?ber stock Within the noZZle chamber 
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making secondary jets at the slice Weaker and thus notice 
able improvement in uniformity. 

FIGS. 3D, 3E and 3F shoW additional patterns of the tubes 
for generating vortices of de?ned orientation, herein the 
matrix of roWs and columns in the diffuser block being either 
vertical or inclined columns and introducing the vortex 
patterns in staggered tube arrangements. FIGS. 3D, 3E and 
3F respectively provide patterns similar to those discussed 
above in connection With FIGS. 3A, 3B and 3C, Wherein the 
individual secondary vorticity of the jets emanating from the 
tubes is provided in a staggered pattern in FIGS. 3D—3F. In 
FIG. 3D, the alternating MD vorticity direction of the 
secondary How of the jets from the staggered tubes results in 
shear layers Which Would align more ?bers in the CD. In 
FIG. 3E, the MD vorticity direction of the secondary How of 
the jets from the staggered tubes results in enhanced ?ber 
dispersion and mixing of the ?llers in the paper ?ber stock. 
In FIG. 3F, the alternating checkerboard MD vorticity direc 
tion of the secondary How of the jets from the staggered 
tubes results in effective mixing and ?ber dispersion. 

Additionally, FIG. 3G illustrates plural roW pairs of 
common secondary vorticity of the jets from the tubes in a 
staggered pattern, herein a pair of negatively oriented roWs 
96 being provided above a pair of positively oriented roWs 
97 in a repetitive pattern. Accordingly, the alternating MD 
vorticity direction of the secondary How of the jets from the 
staggered tubes in FIG. 3G results in shear layers Which 
Would align more ?bers in the CD. From the foregoing, it is 
appreciated to those skilled in the art that the tubes arranged 
as a matrix of roWs and columns in the diffuser block are 
provided either vertically or inclined and the roWs or col 
umns may be provided as staggered for enhancing ?ber 
alignment. FIG. 3H similarly shoWs a repetitive pair vortic 
ity pattern illustrating, e.g., negatively oriented roWs 98 and 
positively oriented roWs 99. 

Turning noW to FIGS. 4A—4H and FIGS. 5A—5H, the 
effect of vorticity in the tubes of the headbox 10 on the How 
is illustrated for the slice and the noZZle chamber 14. Here, 
analysis shoWs the effect of vorticity in the jets leaving the 
tubes in the tube bank and entering the converging Zone of 
the headbox. The purpose of this study is to investigate the 
effect of vorticity at the tube bank on the free surface 
rectangular jet 30 at the slice 22. TWo cases have been 
considered, case one With no vorticity and the second case 
With axial vorticity. These cases are shoWn in FIGS. 4A and 
5A, respectively. 

The tubes in these cases, i.e., case #1 (FIGS. 4A—4H) and 
case #2 (FIGS. 5A—5H) are arranged in vertical columns, as 
shoWn in FIGS. 4A and 5A, respectively. The How through 
the tube in case 1 has velocity component only in the 
machine direction. Wherein case 2, the How in the tube has 
an axial vorticity imposed on the streamWise ?oW. The 
imposed secondary ?oWs are counter-rotating axial vortices, 
that is the direction of rotation is clockWise and counter 
clockWise in a checkerboard pattern. The cross machine 
direction, y, and the vertical Z, components of the velocity at 
the tube outlet and the converging Zone inlet are given 
respectively by: 

(13) v = 1A cos 
Ay Ay Az 

and 

W=IA 27: cos 2m Sin Zny (1b) 
A2 A2 Ay 

These velocity components are superimposed on the 
streamWise velocity component of the jet leaving the tubes 
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10 
as shoWn in FIG. SA. In equation (1a, 1b) W and v are the 
vertical (Z) and transverse (CD) components of velocity, A 
is the magnitude of the secondary ?oW at the inlet, Ay and 
AZ are the horiZontal and vertical dimensions of the tube 
outlet, respectively. The magnitude A, of the super-imposed 
secondary eddy in this study is 1.5% of the average stream 
Wise component. The secondary velocity pro?le at the inlet 
to the converging Zone is de?ned by a 4th order function of 
the y and Z coordinates. The Reynolds number, based on the 
average in?oW velocity U, the vertical height of the headbox 
L, and the kinematic ?uid viscosity, v, is given by: 

UL 
v 

Re = (2) 

The results of the tWo cases are described herein With the 
analysis of computational experiments. The How character 
istics at the slice for each case is given by presenting the 
contour plot of each of the three velocity components (see 
FIGS. 4C—4H and FIGS. 5C—5H). Since the direction of the 
secondary ?oWs cannot be identi?ed in the black and White 
reproduction of the color-coded plots, We have added arroWs 
to the plots to distinguish the How direction. 

For the ?rst case, Where the tubes are arranged in a 
straight vertical column, the How is periodic With a Wave 
length of one-third of the Width of the computation domain. 
The vertical component of the How plays an important role 
in transferring ?uid of high streamWise momentum toWards 
the bottom Wall of the headbox. Due to the periodicity of the 
?oW, this momentum transfer varies signi?cantly in the CD 
direction. Where the vertical velocity toWards the Wall is 
larger, the faster moving ?uid carried from the middle of the 
slice to the Wall forms a liquid jet. Where the vertical 
velocity is relatively smaller, a streamWise velocity jet of 
loWer speed appears. These liquid jets can be seen in FIGS. 
4D, 4F and 4H, Where the contour plot of the three velocity 
components for this case are plotted along a horiZontal 
cross-sectional plane near the loWer lip of the slice. Remov 
ing the average vertical velocity from the actual vertical 
velocity reveals the cellular pattern of the secondary ?oW 
structure. The secondary ?oW patterns at the slice for each 
of the tWo cases are illustrated in the contour plots. The 
contour plots of the average velocity components for cases 
1 and 2 at a horiZontal cross-sectional plane are shoWn in 
FIGS. 4D, 4F, 4H and FIGS. 5D, 5F and 5H, respectively. 
The vertical velocity component contour plot in FIGS. 

4G, 4E and 4C shoW that the How at the slice has a periodic 
structure similar to that in Case 1 (i.e., FIGS. 5G, 5E and 
5C). HoWever, in this case the deviation of the actual vertical 
velocity from the average vertical velocity is smaller. 
Consequently, less ?uid With high streamWise momentum is 
transferred toWards the bottom surface of the headbox. Also, 
less ?uid With loW streamWise momentum is lifted from the 
loWer surface toWards the middle of the slice. Thus, the 
secondary jets at the slice for Case 2, are Weaker and less 
noticeable. Compared to Case 1, the secondary ?uid ?oW 
cells created in this case are further aWay from the bottom 
and the CD velocity components are smaller than those of 
the ?rst case. 

In Case 1, the vertical velocity component changes sign 
and the variation in streamWise velocity due to the jets from 
the tubes remain strong up to the slice. As seen from the 
contour plot of the Z component of velocity, there is con 
siderable non-uniformity in the velocity. This kind of How 
results in a streak pattern When manufacturing light-Weight 
sheets. In the other case, hoWever, the vertical component, as 
Well as other components of the How ?eld, are more uniform 
due to the vortices Which result in more effective coales 
cence and mixing of the jets. 
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The counter-rotating pattern of adjacent jets, as consid 
ered in this study, is perhaps not the most effective pattern 
for mixing of the ?uid and suspended particles in jets from 
adjacent tubes. A more effective method for mixing is to 
force the jets from the tubes to rotate in the same direction. 
Depending on the desired properties of the sheet, the rota 
tional pattern of the jets should be accordingly controlled 
using the special tubes outlined above and the speci?c 
pattern arrangement of FIGS. 3A, 3B or 3C, as appropriate. 

In another embodiment of the invention, vortex sWirls are 
induced by means of pressure pulse generating elements. 
This method has three distinct advantages: 

1) the generation of the secondary ?oW or sWirl in the 
tubes can be ?ne-tuned on-line as the machine is in operation 
Without any disturbances to the production, 

2) the sWirl number or the strength of the secondary ?oWs 
can be adjusted in individual roWs of tubes or in individual 
sections of the tube bank on-line While the machine is in 
operation Without any disturbances to the paper machine 
production, and 

3) no spiral ?nds or grooves or other constrictions are 
place inside the tubes; therefore, the probability of tube 
plugging is reduced beloW the conventional tubes. 

Conventional tubes have tWo general sections. The ?rst 
section is a small diameter tube Which contacts at one end 
With the manifold or distributor of the headbox. On the other 
end, the small diameter tube connects to a larger diameter 
tube through a step change in cross-sectional area, as shoWn 
in FIG. 6. 

FIG. 6 shoWs a side-vieW cross section schematic of a 
tube in the tube bank of the headbox and the ?oW pattern 
from the small diameter tube at the left to the larger diameter 
tube. The doughnut shaped vortex is not axisymmetric since 
the jet from the small diameter tube bends randomly to 
attach to the Wall of the large diameter tube. Often the jet 
changes angle in a random manner. 

This embodiment of the invention is a method and device 
to regulate the bending characteristics of the jet from the 
smaller diameter tube in order to generate a desired ?oW 
pattern at the outlet of the larger diameter tube. This inven 
tion consists of a tube With a smaller diameter section 
folloWed by a step change or a more gradual change of 
diameter to a larger diameter tube—there are 2 to 12 
pressure pulse generators 102 (PPG) at ports near the throat 
of the tube as shoWn in FIG. 7a. The pressure gradient pulses 
are generated in a given time sequence in order to control 
and regulate the bending of the jet from the smaller diameter 
tube. The schematic of this embodiment of the invention is 
shoWn in FIG. 7b. The device consists of several (8 ports are 
shoWn in FIG. 7b) PPG units Which operate With an electric 
signal connected to an analog-to-digital converter (A/D) 
board and a digital processor (a computer). 

The PPG can either be an acoustic device generating a 
pulse of acoustic pressure in the form of longitudinal Waves 
inside the ?uid or an electromagnetic device generating a 
magnetohydrodynamic (MH) pulse. The purpose of the 
pressure gradient pulse or the MH pulse is to control and 
guide the bending of the jet from the smaller diameter tube. 
Upon activation of a PPG, the jet can be forced to bend 
almost instantaneously in the direction opposite to the 
propagation of the pressure gradient pulse. For example, the 
activation of PPG at port 7 forces the jet to bend in the 
direction shoWn in that ?gure. If the PPG at ports 3 and 7 are 
activated in a time periodic manner, the jet oscillates back 
and forth in a time periodic manner. If PPG 1 to 8 are 
activated in a sequential manner (i.e., 1, 2, 3, . . . , 8, 1, 
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2, . . . the jet Will rotate counter-clockWise With a slight 

phase lag. Activation of ports 8 to 1 Will force the jet to rotate 
in the clockWise direction. Rotation of the jet around the 
larger diameter tube results in a sWirling jet at the outlet of 
the tube. The sWirl number, S, can be controlled With the 
frequency of activation of the PPG. Higher frequency Will 
result in more sWirl and larger sWirl number, S. 

It is important to note that the ?oW characteristics inside 
the tubes can be fully controlled With the sequence and the 
frequency of the activation of the PPG. 

In a typical headbox, there are N tubes inside the tube 
bank Where N could be several hundred to feW thousand 
depending on the siZe of the headbox. The tubes are arranged 
in R number of roWs, Where 10>R23, and C=N/R columns. 
With this embodiment of the invention each tube can be 

independently controlled, if desired. It is also easy to control 
blocks of tubes; for example, each roW of tubes could have 
independent control, as Well as, each column f tubes from 
column 1 to q and from Column C-q to C could be 
controlled, independently. The magnitude of q depends on 
hoW far from the sideWalls the tubes need to be controlled 
independently for superior control of the ?oW near the 
sideWall and the edge of the headbox and the forming 
section. 
One form of a PPG consists of a small ?at plate, up to a 

feW millimeters in diameter and less than a millimeter thick, 
Which is ?ush With the inner surface of the tube. The surface 
Would oscillate generating longitudinal pressure gradient 
Waves With the application of electric ?eld to a pieZoelectric 
crystal adjacent to it. The vibration of the surface generates 
an acoustic ?eld Which propagates into the ?uid generating 
a longitudinal Wave. The setup of the PPG in the port at the 
throat of the tube is illustrated in FIG. 8. 

FIG. 13 shoWs another form of a PPG 102 Which consists 
of an annular ring. The PPG element is in the form of a ring 
Which is positioned ?ush With the interior surface of the 
curved outlet of the insert of the smaller diameter section of 
the tube. The ring-shaped PPG is activated locally in a 
circular manner. The angular location of activation gener 
ated a pressure disturbance Which de?ects the jet, as shoWn 
in the diagram, to one side. Continuous activation of the 
PPG element in a circular manner Will force the jet to rotate 
around the curved surface of the insert generating a sWirling 
motion of the ?uid inside the larger diameter tube. 
A further mechanism to generate sWirl inside the tubes in 

the tube bank of a headbox is by the use of magnetic force 
Where a non-axisymmetric body of revolution 101 is placed 
inside an axisymmetric tube 102, as shoWn in FIG. 9. The 
metallic body of revolution 101 consists of an axisymmetric 
central region 105 and one to tWelve ?ns. The most practical 
system Would have three (F-3) to four (F-4) ?ns, as shoWn 
in FIG. 10. The ?ns could be straight or spiral shaped. The 
central body of revolution, Cl, is partially holloW and 
consists of metallic sections or poles. The overall ?oat is 
designed to experience up to three components of magnetic 
force, F1, F2 and F3 and one component of torque, T1, from 
the magnetic rings 109, 111 and 113. TWo of the three 
components of force consist of axial forces in opposite 
direction from magnetic rings 109 and 111. The third com 
ponent of force is a radial magnetic force from the electro 
magnetic ring 113, Which holds the “?oat” in the center of 
the 117 section of the tube. The electromagnetic ring 113 
also exerts a torque, T, on the “?oat”. The tWo opposing axial 
forces and the radial force from electromagnetic ring 113 
hold the “?oat” in the center of the tube section 115. The 
torque from the electromagnetic ring 113 forces the “?oat” 
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to rotate at a speci?c rate of rotation. The torque from the 
electromagnetic ring is variable according to the poWer 
supplied to the magnetic coil. 

There are also hydrodynamic forces on the “?oat” during 
operation Which resist the motion of the “?oat”. The hydro 
dynamic forces are the normal stress (force per unit area 
normal to the surface of the “?oat”) and the tangential stress 
(shear stress at the surface or drag per unit surface area). The 
magnetic forces and torque are adjusted considering the 
hydrodynamic forces to keep the “?oat” at the center of a3 
and to make the “?oat” rotate at a speci?c rate of rotation 
(usually betWeen 5 to 100 cycles per second or HZ). 

The rotation of the “?oat” inside section 117 generates a 
sWirling ?oW inside the tube Which persists into section 110 
and further doWnstream through the outlet of the tube into 
the converging Zone of the headbox. The amount of sWirl 
can be adjusted by the amount of torque exerted on the 
“?oat” by electromagnetic ring 113. The faster the rate of 
rotation of the “?oat”, the higher the sWirl number inside the 
tube. The magnetic strength of the electromagnetic ring 113 
can be adjusted on-line during operation to control the 
amount of sWirl in individual tubes. Therefore, this method 
alloWs a fully automatic method to easily control the amount 
of sWirl in individual tubes during operation attaching the 
electromagnetic ring 113, of each of the tubes to an elec 
tronic control system. 
A second mechanism is shoWn in FIG. 11, Where the ?ns 

121 are extended from the solid ring 123, a “rotor”, Which 
just ?ts inside the tube. The ring is forced to rotate at a 
controlled angular speed by a magnetic ?eld, such as the 
electromagnetic ring 113 or other means. The same effect of 
generating a sWirling ?oW inside the tube is obtained With 
this device. 

It Will be appreciated by those skilled in the art that 
modi?cations to the foregoing preferred embodiments may 
be made in various aspects. The present invention is set forth 
With particularity in the appended claims. It is deemed that 
the spirit and scope of that invention encompasses such 
modi?cations and alterations to the preferred embodiment as 
Would be apparent to one of ordinary skill in the art and 
familiar With the teachings of the present application. 
What is claimed is: 
1. A paper forming machine headbox component for 

receiving a paper ?ber stock and generating a jet therefrom 
for discharge upon a Wire component moving in a machine 
direction (MD), the headbox component comprising: 

a distributer for distributing stock ?oWing into the head 
box component in a cross-machine direction (CD), the 
distributer effective for supplying a ?oW of said stock 
across the Width of the headbox in the machine direc 
tion; 

a noZZle chamber having an upper surface and a loWer 
surface converging to form a rectangular outlet lip 
de?ning a slice opening for the jet; and 

a diffuser block coupling said distributer to said noZZle 
chamber, said diffuser block comprising: 

a multiplicity of tubular elements disposed betWeen said 
distributer and said noZZle chamber, said tubular ele 
ments being oriented axially in the machine direction, 
a plurality of the tubular elements having a longitudinal 
axes in the direction of the ?oW of stock, and the 
tubular elements arranged Within the diffuser block as 
a matrix of roWs and columns for generating multiple 
jets of said stock ?oWing into said noZZle chamber; and 

at least one pressure pulse generating element mounted in 
or on each of said plurality of said tubular elements of 
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said diffuser block, said pressure pulse generating ele 
ment being effective for sWirling said stock in con 
trolled axial vortices around the longitudinal axes of the 
tubular elements as said stock ?oWs through said 
tubular elements in the machine direction, each vortex 
being directed in a de?ned direction having a speci?c 
vorticity vector sign, de?ned as positive being in the 
machine direction or negative being opposite the 
machine direction based upon the right hand rule, said 
vortices promoting mixing of the jets of said stock as 
said jets ?oW into said noZZle chamber from the tubular 
elements to form a uniform ?oW of stock at the slice 
opening for the jet. 

2. A paper forming machine headbox component as set 
forth in claim 1 Wherein the number of pressure pulse 
generating elements mounted on or in said plurality of said 
tubular elements is from 2 to 12. 

3. A paper forming machine headbox component as set 
forth in claim 1 Wherein said pressure pulse generating 
elements are acoustic devices. 

4. A paper forming machine headbox component as set 
forth in claim 1 Wherein said pressure pulse generating 
elements are electromagnetic devices. 

5. A paper forming machine headbox component as 
recited in claim 1 Wherein said tubular elements comprise a 
?at section inlet for receiving said stock from said distributer 
and an elongated section outlet for directing the jets of said 
stock from said tubular elements as said jets ?oW into said 
noZZle chamber. 

6. A paper forming machine headbox component as 
recited in claim 1 Wherein said tubular elements comprise an 
insert tube insertable in said diffuser block for receiving said 
stock from said distributer. 

7. A paper forming machine headbox component as 
recited in claim 1 Wherein one roW or column of tubes has 
a stock With controlled axial vortices having a speci?c 
vorticity vector sign Which is positive and an adjacent roW 
or column has a stock With controlled axial vortices having 
a speci?c vorticity vector sign Which is negative. 

8. A method of mixing jets of paper ?ber stock ?oWing 
through and emanating from a multiplicity of tubes, the 
tubes having longitudinal axes extending substantially in the 
machine direction and in the direction of the ?oW of the 
stock, the tubes arranged as a matrix of roWs and columns 
With the longitudinal axes of the tubes aligned in a diffuser 
block, the diffuser block and tubes coupled to a noZZle 
chamber in a paper forming machine headbox for discharg 
ing a uniform ?oW ?eld of stock upon a Wire component 
moving in a machine direction (MD), the method compris 
ing: 

providing sWirling jets of liquid paper ?ber stock by 
means of a pressure pulse generating elements mounted 
in or on a plurality of tubes, the stock having controlled 
axial vorticity around the longitudinal axes of the tubes, 
the paper ?ber stock emanating from the diffuser block 
substantially in the machine direction, each jet being 
directed in a de?ned direction about the longitudinal 
axes of each of said plurality of said tubes, said de?ned 
direction having a speci?c vorticity vector sign, de?ned 
as positive being in the machine direction or negative 
being opposite the machine direction based on the 
right-hand rule; and 

positioning more than one of said tubes adjacent one 
another to mix said jets emanating from the tubes into 
the noZZle chamber. 

9. Amethod as recited in claim 8 Wherein said positioning 
step positions said positive jets of each of said plurality of 






